The reaction mechanism of the CuNPs/ZnO-catalyzed hydrophosphorylation of aliphatic alkynes for the synthesis of vinyl phosphonates has been investigated. Based on experimental observations and theoretical calculations through DFT studies, a reaction mechanism is proposed, in which a crucial role of both the solvent and the catalyst support is suggested. DFT studies and experimental data, are consistent with a reaction mechanism based on a copper-catalyzed anti-Markovnikov hydrophosphorylation process that favours the formation of the vinyl phosphonate E isomer.
Introduction
Vinyl phosphonates are well-known constituents of the family of phosphorus containing organic compounds. They are of extensive importance in synthetic organic chemistry both as intermediates and as nal products, 1 and have different applications as monomers and co-monomers in polymeric materials.
2 At present, the main methods for the synthesis of vinyl phosphonates are based on expensive and/or toxic homogeneous Pd 3 or Ni 4 catalysts, most of them requiring the use of phosphine ligands and/or severe reaction conditions. Recently, the silver-catalyzed phosphorylation of styrenes by using AgNO 3 /K 2 O 2 S 8 /TEMPO has been reported. 5 On the other hand, copper-based catalysts for the synthesis of vinyl phosphonates through hydrophosphorylation of alkynes have remained almost unexplored to date.
6
In the last years, we have actively been working in the development of new and mild methodologies based on the use of bare or supported copper nanoparticles (CuNPs) for their application in the construction of C-C and C-heteroatom bonds. 7 In a recent publication, 8 we informed the direct synthesis of vinyl phosphonates starting from aliphatic alkynes and commercial diethyl phosphite, catalyzed by CuNPs supported on ZnO. The reactions were carried out in acetonitrile (ACN) as solvent, under air, in the absence of any additive or ligand, and under mild reaction conditions. Notably, the use of ZnO as support and ACN as solvent was mandatory for the reaction to take place.
On the other hand, there are few papers in the scientic literature about DFT computational studies regarding the mechanism involved in the hydrophosphorylation of alkynes. Beletskaya et al. 9a have investigated the Markovnikov-type regioselective hydrophosphorylation of terminal alkynes employing a nickel catalyst and phosphine ligands in THF, as well as the mechanism involved in this alkyne hydrophosphorylation reaction by means of DFT methods. Aer that work, the same group published an in-depth theoretical study about the pathway involved in the key step of the hydrophosphorylation reaction, i.e. the alkyne insertion into the metal-phosphorus or metalhydrogen bonds.
9b More recently, Zhao and coworkers 6a reported a very interesting mechanistic study about the coppercatalyzed (CuI) phosphorylation of terminal alkynes in the presence of a base (NEt 3 ) and DMSO as the solvent, although in this case the starting alkyne is converted into the corresponding copper acetylide under the reaction conditions.
With regard to the phosphorylating species acting in these reactions, it is known that H-phosphonates may exist in two tautomeric forms being the (RO) 2 P(O)H tautomer more stable than the (RO) 2 POH one.
9d-e On the other hand, it has been suggested that the presence of a Lewis acid/base such as ZnO, could promote the formation of (RO) 2 POH tautomer.
10 Unveiling the mechanistic nature of the hydrophosphorylation reaction is crucial for the rational design of new and selective catalysts. Prompted by our continuing interest in the use of computational methods for the elucidation of organic reaction mechanisms, 11 we carried out a theoretical study based on DFT methods in order to shed light into the mechanism involved in the CuNPs/ZnO-catalyzed hydrophosphorylation of alkynes for the synthesis of vinyl phosphonates.
Results and discussion
As we reported in our previous work, 8 a distinctive feature of this CuNPs/ZnO catalyst was the observed selectivity dependent on the alkyne nature, aromatic alkynes giving b-ketophosphonates whereas aliphatic ones leading to the corresponding vinyl phosphonates as the main reaction products. The reaction conditions are shown in Scheme 1.
Based on some additional experiments, we proposed a plausible mechanistic pathway for the formation of the bketophosphonate products through a radical oxyphosphorylation process. However, a full explanation for the hydrophosphorylation of the aliphatic alkynes leading to the corresponding anti-Markovnikov vinyl phosphonates was not possible from the experimental results. Even though, on the basis of the experimental observations we could disregard both the participation of radical species (hydrophosphorylation also works in the presence of TEMPO) and copper acetylides as reaction intermediates (deuterated-vinyl phosphonate product was obtained when starting from 1-deuterio-oct-1-yne).
It is worthy of note that the nature of the solvent and the catalyst support showed to be crucial for the outcome of the reaction and, consequently, need to be considered in a mechanistic proposal. Thus, the use of ZnO as the catalyst support and acetonitrile as the solvent proved to be essential for the hydrophosphorylation to take place. As above mentioned, Lewis acid (Zn 2+ ) and/or Lewis basic (O 2À ) sites on ZnO could be promoting the tautomerism of the dialkyl phosphite ( Fig. 1) . In fact, other supports tested such as PVP, CeO 2 , cellulose, Celite, MWNT and MCM-41 gave low conversions into the desired vinyl phosphonate products. On the other hand a dramatic fall in conversion values was observed when a solvent different from acetonitrile was used (MeOH, H 2 O, DMSO, THF, toluene, dichloromethane).
In view of these observations, we propose that the reaction is likely to occur via a copper-catalyzed anti-Markovnikov hydrophosphorylation process (Scheme 2), leading to the corresponding E vinyl phosphonates through the addition of the (EtO) 2 (HO)P: nucleophile (N, Fig. 1 ) to the carbon-carbon triple bond. Thus, we assume that ZnO could be playing a noninnocent role in the catalytic system, probably through the P-H bond activation, with the solvent acting as a ligand for copper. As shown in Scheme 2, the protonated ZnO species would be responsible for the proton transfer to give the nal product and the Cu/ZnO catalyst to restart the catalytic cycle. In Scheme 2 the structures for the proposed intermediates (IN) and the transition states (TS) are shown.
With the aim to explain these experimental results and nd a close understanding of the reaction mechanism, we performed a computational analysis with the Gaussian 09 (ref. 12) soware package. For this purpose, we simplied the reactive system and theoretically studied the process by using ethynylcyclohexane and dimethyl phosphite as model starting materials. The density functional theory (DFT)
13 calculations were performed with the B3LYP 14 functional, applying the D2 Grimme's dispersion corrections 15 as implemented in G09 Rev. C.01, which is known to be an appropriate methodology for the mechanistic studies on Cu-catalyzed reactions, 9b,6a and the 6-Scheme 1 Synthesis of vinyl phosphonates from aliphatic alkynes. using acetonitrile as implemented in Gaussian 09.
As we assumed that the reaction would start when the alkyne is activated by the copper catalyst, it was necessary to establish each catalyst ligand and how these ligands were attached to the metal acting as stabilizers. We modeled different structures for the active copper catalyst with the aim to nd the most representative structure for the catalyst acting in our mechanistic proposal. With regard to the zinc oxide, small clusters of (ZnO) n , n ¼ 1-7 have been modeled through DFT methods, 17 and we adopted a dimeric species with a square planar geometry as the most simple and stable structure for model this oxide.
18 So, we assumed that copper would be attached to ZnO dimer by the oxygen atoms and with the solvent (acetonitrile) acting as ligands. As can be seen from Fig. 2 , the formation of all the proposed structures I-VI could take place exothermically, while, the catalyst I showed to be the simplest one and thermochemically more favored, since it occur with an exothermicity of À63.5 kcal mol À1 . When this catalyst was modeled using DMSO instead of acetonitrile as ligand, the process showed to be markedly less exothermic (À46.6 kcal mol À1 ).
Once the catalyst was modeled, we start the computational study of the proposed mechanism. We considered that, in the rst stage, the reaction mechanism would involve the formation of an alkynyl copper complex with an endothermicity of 0.44 kcal mol À1 , through a p-coordination between the alkyne and the copper catalyst (IN1, Scheme 2). With regard to the phosphorylating species, as commented above, despite being the P]O form more stable (8.4 kcal) than the P-OH one, 19 coordination of ZnO with the P center favours the formation of the P-OH tautomer (N, Fig. 1 ), thus being 8.1 kcal mol À1 more stable than the P]O form. As shown in Scheme 2, this P-OH phosphonate tautomer, would be the active phosphorylating agent, which through a nucleophilic attack over IN1, would lead to the intermediate IN2 (À19.3 kcal mol À1 ), the driving force for the tautomerization process being also assisted by the formation of P-Cu bond (IN2, 2.3Å). To locate the transition state (TS1) for this reaction pathway in a more simple way, we modeled a reactive-like structure that we called reactive-complex (RC) and a product-like structure called product-complex (PC). The formation of the product-complex is exothermic (À7.0 kcal mol À1 ) and takes place with a very low activation energy of 0.21 kcal mol À1 (Fig. 3) .
In a subsequent step, through a nucleophilic addition, the P-C bond is formed with a high activation energy of 33.3 kcal mol À1 , exothermically leading to the ve membered cyclic
, which shows a strong coordination between copper and the oxygen atom of P]O group, with a O-Cu distance of 2.5Å (showed as a red dashed line in Fig. 4 ). When this step was modeled by using DMSO as ligand and solvent, the process showed to be less exothermic (À17.1 kcal mol
À1
) and with a higher activation energy (38.3 kcal mol À1 ). (Fig. 4) . The proton transfer from the ZnO-H to give the intermediate IN5 is kinetically and thermodynamically unfavourable, being the most energy-demanding reaction step, it is slightly exothermic (À0.09 kcal mol À1 ) and occur with an activation energy of 33.5 kcal mol À1 . As can be seen from Fig. 4 , a stabilizing electrostatic interaction (red dashed line) is observed both in IN4 and TS3 structures, between the H atom of acetonitrile and the O atom of zinc oxide, located at a distance of 1.9 A. This stabilizing interaction is evidenced by the Merz-SinghKollman (MK) charges 20 which have a larger value for the H atom of acetonitrile closest to the O atom of zinc oxide, both in IN4 and TS3 (Fig. 4 , charge values indicated in blue). This step was also the most energy-demanding when it was modeled using DMSO, but the process showed to be endothermic (+4.5 kcal mol À1 ) and with a higher activation energy (39.9 kcal mol À1 ).
The next step involves the ZnO-H approach to intermediate
Finally, the active copper catalyst is regenerated leading to the E vinyl phosphonate product with an endothermicity of 5.4 kcal mol À1 ; here again when the reaction was modeled with DMSO as ligand and solvent this step showed to be endothermic by 16.6 kcal mol À1 .
On the other hand, we experimentally observed the formation of 5-30% of the Z vinyl phosphonate in all the hydrophosphorylation reactions. Taking into account the aforementioned mechanistic considerations, the formation of the Z isomer could proceed through the mechanism shown in Scheme 3.
The key difference with the mechanism proposed in Scheme 2 for the E isomer formation, is that in this case, an external nucleophilic attack by a non-coordinated phosphorus nucleophile onto the alkynyl copper complex (IN1) to give intermediate IN6 would take place, via a C-P bond 9a formation step. The DFT calculations about this process showed that it is 5 kcal mol less stable than IN3. This could be probably due to the lack of extra-stabilizing factors such as the formation of a P-Cu bond (present in IN2), and the possibility of a strong coordination between copper and the oxygen atom of P]O group in IN3, which is avoided for IN6 intermediate due to the trans orientation of these two groups (Fig. 5) .
The formation of IN7 through an interaction between Zn and the oxygen atom of the P]O group (Fig. 6) higher than that of the same proton transfer step for the case of the E isomer (formation of intermediate IN5) . Besides, the formation of IN8 is endothermic (+4.6 kcal mol À1 ) whereas the formation of IN5 is slightly exothermic (À0.09 kcal mol À1 ). In part, this could be due to the lack of stabilizing electrostatic interactions, contrary to that observed for IN4 and TS3 (Fig. 4) which lead to the E vinyl phosphonate product (compare MK charges in Fig. 4 with those shown in Fig. 6 ). Finally, the Z vinyl phosphonate is formed 6 kcal mol À1 more endothermically (+11.5 kcal mol À1 ) than its E isomer, being the full process exothermic in 50.7 kcal mol À1 , i.e. 10 kcal mol À1 less exothermic than that of the formation of the E isomer.
Conclusions
In the present study we addressed the mechanism of the copper-catalyzed hydrophosphorylation of aliphatic alkynes by dialkyl phosphites for the synthesis of vinyl phosphonates. Based on experimental observations and theoretical calculations through DFT studies, we have proposed a plausible reaction mechanism that reveals a crucial role for both acetonitrile solvent, acting as ligand, and ZnO support, activating the P-H bond and acting as a proton transfer agent in different steps of the reaction. The DFT results are in agree with the experimentally observed stereoselectivity, since a strong coordination between metals (Cu or Zn) and the oxygen atom of the P]O group is observed for the formation of the E isomer, thus suggesting that the participation of stable cyclic structures as intermediates would be very likely to occur in this coppercatalyzed hydrophosphorylation. On the other hand, the modeled mechanism using DMSO as solvent and ligand, showed to be energetically less favourable than the same mechanism modeled with acetonitrile. Taking into account that most of the existing methods for the hydrophosphorylation of alkynes are based on the use of expensive and/or toxic palladium catalysts, the mechanistic data obtained in this work is of major relevance for the rationale design of new efficient and economical copper-based catalytic systems for P-C (vinilyc) bond construction.
